Exposed Water Ice Deposits on the Surface of Comet 9P/Tempel 1
We report the direct detection of solid water ice deposits exposed on the surface of comet 9P/Tempel 1, as observed by the Deep Impact mission. Three anomalously colored areas are shown to include water ice on the basis of their near-infrared spectra, which include diagnostic water ice absorptions at wavelengths of 1.5 and 2.0 micrometers. These absorptions are well modeled as a mixture of nearby non-ice regions and 3 to 6% water ice particles 10 to 50 micrometers in diameter. These particle sizes are larger than those ejected during the impact experiment, which suggests that the surface deposits are loose aggregates. The total area of exposed water ice is substantially less than that required to support the observed ambient outgassing from the comet, which likely has additional source regions below the surface.
B
efore the successful impact experiment with comet 9P/Tempel 1, NASA_s Deep Impact mission collected high spatial resolution data of the cometary surface from two visible-color imagers and a near-infrared (near-IR) spectrometer (1) . These instruments, particularly the spectrometer, were designed to detect likely cometary materials including water ice, which has major absorptions at wavelengths of 1.5, 2.0, and 3.0 mm (2, 3). Here, we report on the successful detection and mapping of water ice deposits on the surface of 9P/Tempel 1, thus fulfilling one of the major science objectives of the mission.
As comets approach the Sun, they release volatiles. This ambient outgassing produces a gas-and dust-rich coma that obscures the cometary nucleus. Thus, very few observations of bare cometary nuclei exist. Previous cometary missions, notably the Deep Space 1 (DS1) mission to comet 19P/Borrelly (4), have searched for evidence of volatiles on cometary surfaces. DS1 included a near-IR spectrometer with a spatial resolution of 160 m across the nucleus, yet no evidence of absorptions due to water ice in the 1.3-to 2.6-mm region was found (5). The limited ground-based observations of possibly bare cometary nuclei similarly lack absorptions due to water ice (6-10).
Water ice has, however, been spectrally identified in near-IR telescopic data of the surfaces of Kuiper Belt objects (KBOs) and centaurs (11, 12) , the presumed source region for comets (13) . In addition, recent Cassini Visual and Infrared Mapping Spectrometer near-IR spectra (14) of the saturnian satellite Phoebe, likely a captured KBO (15) , include strong absorptions due to the ubiquitous presence of water ice (16) , as previously observed in diskaveraged telescopic observations (17) . These results, coupled with the considerable production rates of H 2 O and water ice crystals observed in cometary comae, are strong evidence for the presence of water ice in comets (18) (19) (20) . However, water ice has not previously been directly detected on the surface of a comet.
The possible presence of volatiles on the surface of 9P/Tempel 1 was first inferred from albedo differences correlated to morphology. Small, relatively bright regions (È30% brighter than surrounding areas) are present in visiblespectrum images (e.g., Fig. 1, A and D) . To support more quantitative analysis, we spatially coregistered and rescaled the calibrated intensity/ solar flux (I/F) color images to match the clear filter (broad band centered at 650 nm) image for both the Medium-and High-Resolution Imagers (MRI and HRI) onboard Deep Impact. Because the color differences were very subtle, the color image sets were then normalized to those at 750 nm and to a large uniform area of the nucleus; this allowed evaluation of the relative color variations across the nucleus (Fig. 2) .
IR spectral scans of the nucleus calibrated to radiance units (21) were assembled into data cubes, which provided inherently spatially coregistered images at 512 wavelengths from 1.05 to 4.8 mm. Each spectrum was independently fit with a blackbody function from 3.0 to 4.4 mm, which was then subtracted to remove the thermal component. As such, a temperature map across the nucleus was also created (1). The spectra were divided by the solar radiance to produce I/F spectra and then normalized to unity at 2.0 mm, yielding relative reflectance spectra.
Color variations on the nucleus can be identified in ratios of image pairs. For HRI, the 450 nm/750 nm image includes three anomalously bright areas (higher reflectance at 450 nm than at 750 nm) in the top half of the nucleus (Fig.  1B) . These same areas are atypically dark in the 950 nm/750 nm image (lower reflectance at 950 nm than at 750 nm) (Fig. 1C) . Areas on the nucleus with 450 nm/750 nm ratios of 91.13 and with 950 nm/750 nm ratios of G0.98 were mapped ( Fig. 2A) and their average spectral properties calculated (Fig. 2B) . Although the MRI color filters are at different wavelengths and narrower than those of the HRI (3), nearly identical results were found from similar processing of the MRI data (Fig.  2, C and D) . After correction for emission angle effects, we calculated the total area of these anomalously colored regions to be 0.49 km 2 from HRI and 0.55 km 2 from MRI, corresponding to È0.5% of the nominal surface area of the nucleus E113 km 2 , assuming a mean radius of 3 km (1)^.
To determine the origin of the anomalous colors of these areas, we examined high spectral resolution IR spectra. Relative to typical nucleus spectra, all three regions included distinct 1.5-and 2.0-mm absorptions diagnostic of water ice. These absorptions were clearly seen in spectra from three different IR nucleus scans (200 m/pixel, 160 m/pixel, and 120 m/pixel). Spectra from the highest resolution IR nucleus scan of the three different water ice-rich regions were plotted relative to a broad smooth region of the nucleus and normalized to unity at 2.0 mm (Fig. 2F) . A map of 2.0-mm absorption band strength (Fig. 2E) shows that this absorption correlates very well with the higher spatial resolution maps of anomalous regions seen in the visible data. It is therefore clear that the anomalous color regions are due to the presence of water ice.
The water ice regions are shown overlaying the derived temperature map in Fig. 3 . At least two of the ice-rich areas (yellow circles 1 and 2) occur in local cold regions of the nucleus; the third is near a local cold region. However, the scale of the temperature map (120 m/pixel) is insufficient to separate the effects of the topographic variations from any possible effects due to ice. Stereo imaging shows that the largest area of ice (circle 1) is in a depression 80 T 20 m below the surrounding areas. Nonetheless, the temperature derived for the water ice regions varies from 285 to 295 K (T8 K). These temperatures are significantly above È200 K, the free sublimation temperature of water ice at a distance of 1.5 AU from the Sun and an incidence angle of 55-Eas calculated from (22)^. Thus, the temperatures measured indicate that pure water ice cannot fill a complete IR pixel.
If we consider the case where water ice is intimately mixed with as much as 99% dark (0.04 albedo) material, the aggregated temperature would be only 230 K, still far below the 280 T 8 K minimum measured temperature. Therefore, at the resolution of 120 m/pixel, the cold water ice component has a negligible effect on the thermal flux. Thus, if sublimation is to be prevented, the surface exposures of water ice (whether or not it is intimately mixed with a dark non-ice component) cannot be in thermal equilibrium with any non-ice component (nominally at È300 K at 1.5 AU and 55-incidence angle).
If the water ice and non-ice nuclear components are thermally decoupled, they must also be physically separated at the same scale (in this case, at the macroscopic scale of 120 m/pixel). The measured reflectance at 120 m/pixel can therefore be modeled as a simple linear (i.e., aerial) combination of the spectra of its components. Using optical constants (23) and scattering theory (24), we calculated spectra of pure ice components of various grain sizes. The water ice-rich spectra were then modeled as linear combinations of theoretical ice spectra of various grain sizes and an average non-ice IR spectrum of the nearby nucleus (Fig. 4B) .
The relative intensities of ice absorptions at 1.5, 2.0, and 3.0 mm change as a function of particle size (25) . In spectra of larger grain sizes, absorptions at longer wavelengths saturate (i.e., they have near zero reflectance). Because absorptions at 3.0 mm are nearly absent in the spectra of the ice-rich regions of the nucleus, their particle size cannot be less than 5 mm (Fig. 4A) . At the other extreme, particles larger than 50 mm reflect relatively more at shorter wavelengths and do not match the observed ice-rich spectrum (Fig. 4A) . Thus, modeling of the ice-rich nucleus spectrum as a mixture of water ice and non-ice constrains the Note that the IR scan at the highest resolution only covers the upper half of the nucleus, as shown. The ice-rich areas are mapped in the visible images as combinations of high 450 nm/750 nm relative reflectance (387 nm/750 nm for MRI) and low 950 nm/750 nm relative reflectance and in the IR images by the strength of absorptions at 2.0 mm. The visible spectra are normalized to unity at 750 nm, whereas the IR spectra are normalized at 2.0 mm. All data are normalized to the same broad smooth area of the nucleus (indicated by the red boxes) to facilitate detection of these subtle variations. Each of the three ice-rich regions (see Fig. 3 ) have IR spectra that include distinct absorptions due to water ice.
ice component to be 6 T 3% with particles that are 30 T 20 mm in size (Fig. 4B) .
The combination of high spatial resolution color images and IR spectra has allowed us to unambiguously detect water ice on the surface a comet. The relatively ice-rich regions on 9P/Tempel 1 are not uniformly distributed on the surface, but instead are restricted to three distinct regions that are both relatively low in elevation and relatively cold. Water ice absorptions are not exposed on other regions of the nucleus that include scarps and other morphologic indicators of erosion (1) . In addition, the upper region of the nucleus, where all observed water ice deposits are located, is potentially a source for several natural outbursts observed before impact (1) .
There is ample morphologic evidence that the surface of 9P/Tempel 1 has been extensively processed since its formation (1) . In addition, analysis of thermal data reveals that the water ice is thermally (and thus physically) decoupled from the non-ice nuclear components on a macroscopic scale. Taken together, these observations suggest that the exposed water ice regions are not primary Efor example, forming mantles around silicates, as proposed by the aggregated interstellar material model of (26)^. It is also possible that the water ice has recondensed from recent activity. Finally, the surface water ice particle sizes (30 T 20 mm) are greater than the size range of the ejecta (0.5 to 5 mm) inferred from various measurements after impact (1, 27, 28) . This suggests that the surface deposits are in fact loose aggregates of smaller particles that are easily fractured during ejection, one of the interpretations offered by A_Hearn et al. (1) .
The ambient outgassing of 9P/Tempel 1 is È6 Â 10 27 H 2 O molecules s -1 measured before impact (28) , which is consistent with values from previous apparitions (29) . The free sublimation temperature of water ice calculated above (È200 K) would produce water sublimation at a rate of È4.5 Â 10 21 molecules m -2 s -1 . A surface area of 1.3 km 2 of 100% water ice is therefore required to account for the ambient outgassing of water, consistent with previous results (30, 31) . The observed 0.5 km 2 of 6% water ice, equivalent to È0.03 km 2 of pure water ice, is considerably less than this value. Thus, although they may be associated with natural outbursts, the water ice deposits we detected on the surface of 9P/Tempel 1 are not the dominant sources of outgassing. Therefore, if we assume that the distribution of ice on the unobserved parts of the nucleus is broadly similar to the observed distribution, the ambient outgassing observed for 9P/Tempel 1 likely has extensive subsurface sources. Fig. 4 . Results of modeling of linear combinations of IR spectra of non-ice regions of the nucleus and calculated spectra of various particle sizes of water ice derived from optical constants. (A) The ice-rich nucleus spectrum (black), when modeled as a mixture of non-ice nucleus [see (B)] and a calculated spectrum of 70-mm water ice particles (purple), does not match at short wavelengths, whereas a mixture with 3-mm water ice particles (orange) produces a poor match at long wavelengths. (B) The same ice-rich spectrum (black) is well modeled with 30-mm water ice particles (blue) and a nearby non-ice nucleus spectrum (red; offset by -0.3 for clarity). Modeling indicates that the ice regions contain 6 T 3% ice with particles 30 T 20 mm in size. 
